Abstract: Laser trapping of molecules and proteins in solution at room temperature is made possible by irradiating 1064-nm continuous-wave (CW) laser with power around 1 W. Although conventional small molecules are not trapped at the focal point, molecules that can form clusters upon assembling and proteins whose size is close to 10 nm are gathered, giving unique assembly structure. Glycine in H 2 O shows crystallization, urea in D 2 O gives a millimeter-sized giant droplet, and cobalt oxide-filled ferritin protein confirms assembly followed by precipitation. Solute concentration, solvent, and laser power are important factors for determining trapping and assembling phenomena, and the laser focal position is very critical. These unique behaviors are realized by setting the irradiation at the air/solution surface, inside the solution, and at the glass/solution interface. Laser trapping-induced crystallization, liquid/liquid phase separation, and precipitation are compared with the previous results and considered. After summarizing the results, we describe our future perspective and plans.
INTRODUCTION
The laser has been greatly contributing to the development of modern chemistry since its invention in 1960. Studies on laser spectroscopy and photochemistry started from isolated molecules in gas phase and in dilute solution, then shifted to more complex molecules, molecular aggregates, polymers, and supramolecules, and furthermore extended to colloids and molecular solids. The development of photochemistry from homogeneous to inhomogeneous systems has led to the combination of lasers with optical microscopes [1] [2] [3] . In the late 1980s, near-field optics and super-resolution imaging were still beyond the knowledge of chemists, so that the combination led to picosecond time-and micrometer space-resolved spectroscopy and chemistry. Indeed, laser-based microchemistry was a pioneering area, while only micro total-analysis-system and micro-electrochemistry allowed chemical processes to be controlled in space. This stream of laser microchemistry has been developing to nanometer dimensions, which is followed in our case as in the books and proceedings [4] [5] [6] [7] [8] .
droplet was prepared when the laser beam was focused at an interface between solution and glass substrate [22] . At the present stage of investigation, the following knowledge is obtained. Heavy water is used, as its absorption at 1064 nm is smaller than that of H 2 O, suppressing local heating effect. Crystal polymorph, namely, α-or γ-form of glycine, can be controlled by laser power and polarization. In unsaturated solution, crystallization time becomes longer and the prepared crystal disappears soon; namely, a repeated behavior of crystallization and dissolution is observed. Now we are devoting our efforts to make clear experimental conditions, to explore protein crystallization, and to reveal the dynamics and mechanism of laser-trapping assembling and crystallization processes. In this article, some of the results which we have obtained recently are presented and compared with those mentioned above. First, laser-trapping crystallization of glycine in H 2 O is shown and the difference between D 2 O and H 2 O is considered. Second, droplet formation of urea upon laser irradiation at an interface between solution and glass is summarized and the comparison with glycine is made. Third, a new trial of laser-trapping assembling and precipitation of supramolecular protein is reported. Finally, we summarize the present status of laser-trapping crystallization study and describe our perspective.
LASER-TRAPPING CRYSTALLIZATION OF GLYCINE IN H 2 O
Glycine has been widely employed as a representative model compound for studying crystallization dynamics and mechanism, and three polymorphs of α, β, and γ are well known where their thermodynamic free energy is in the order of γ (most stable) < α < β (least stable) [23] [24] [25] [26] [27] [28] . α-Form is always given by conventional crystallization methods, indicating that this form is kinetically most probable among the three forms [29] . The least stable β-form is prepared in the mixture of water and ethanol, but it is rapidly transformed into the α-form in air or water [30, 31] . This behavior is consistent with the fact that both crystal structures are much similar to each other and the β-form is regarded as a quasi-stable state of the α-form. The γ-form is generated only when high pressure is applied, the evaporation rate is controlled to be considerably slow, or high acidic/basic aqueous solution is used [27, 29, [32] [33] [34] [35] [36] . This means that thermodynamically favored but kinetically slow crystallization process to γ-form is accelerated, overcoming the process to the α-form, under such unconventional conditions. These conditions are considered to give eventually high supersaturation degree, where crystallization is controlled just thermodynamically, namely, the γ-form is selected. One more advantage of glycine for laser-trapping crystallization study is that this compound is known to form a liquid-like cluster in highly concentrated solution [37] . This cluster contains water molecules, its size reaches to a few tens of nanometers, and its polarizability is higher than that of water. These characteristics enable us to trap the liquid-like cluster in an optically prepared potential well. Namely, the clusters can be gathered and new phenomena can be realized by focusing the intense CW 1064-nm beam.
We succeeded for the first time in demonstrating laser-trapping crystallization of glycine in D 2 O and are extending systematically this study [9, 21, 22, 38] . The superiority of this crystallization method is summarized as follows: (1) One single crystal is always prepared at the focal point, where the crystal is kept upon irradiation. Namely, we can fabricate one single crystal in temporally and spatially controlled manner. (2) Crystal polymorph can be controlled by changing laser power and polarization. (3) Irradiation at the air/solution interface is necessary for generating a crystal, and no crystallization was observed upon irradiation in the solution or at the glass/solution interface. (4) D 2 O is a favorable solvent instead of H 2 O, as the latter absorbs 1064-nm photons through overtone vibration of O-H bonds leading to temperature elevation. Actually, Ito et al. estimated the temperature elevation at the focal spot in H 2 O and D 2 O by applying fluorescence correlation spectroscopy to 22-24 and 2.0 K/W, respectively [39] . The temperature change is, of course, critical as solubility is much affected. Until now we have studied the trapping crystallization of glycine in D 2 O, while it is necessary to investigate what happens in H 2 O and to compare the dynamics to that in D 2 O, which is reported here.
Glycine (>99 % pure) and H 2 O (>99.9 % pure) were used without any purification. The saturated solution of glycine used in this experiment was prepared as follows; 0.23 g of glycine was dissolved in 1.0 g of H 2 O while keeping at 60 °C and shaking for 3 h, and the solution was slowly cooled down to room temperature, at which it then aged statically for 1 day. A 15-μL of the saturated solution was dropped into a hand-made sample bottle with a highly hydrophilic bottom surface, the portion immediately spread all over the cover glass, and the solution thin film with a thickness of about 120 μm was spontaneously formed. Then, the bottle was immediately and completely sealed with a spigot to suppress solvent evaporation, and was put on the stage of an inverted microscope. The laser-trapping system was almost the same as described in the reference [38] . A linearly polarized 1064-nm laser beam was introduced into an inverted microscope and focused at the air/solution interface of the solution layer. The laser power throughout the objective lens was varied from 0.8 to 1.4 W by tuning a half-wave plate coupled with a polarizing beam splitter. Crossed Nicols images were recorded during the crystallization by an electron-multiplied charge-coupled device (EMCCD) video camera.
The laser-trapping crystallization was achieved also in H 2 O, and their representative CCD images are shown in Fig. 1 . At 30 s after focusing the laser beam at the air/solution interface, a liquid-like domain was clearly confirmed as in Fig. 1a . This domain was not kept stably at the focal spot and floated away soon. It is interesting to see that the domain grew continuously from the focal spot, which was something like a fountain. This floating phenomenon has never been observed in D 2 O, where the crystal was formed and trapped. We consider that this phenomenon is due to vigorous convection flow, which is ascribed to local temperature elevation characteristic of H 2 O irradiated by the 1064-nm beam. When the growing and floating away of the domain was accidentally stopped with the laser on, the domain was immediately changed to a crystal with sharp edges as shown in Fig. 1b . This is the crystallization behavior of glycine in H 2 O. We repeated this experiment 10 times at each laser power and always observed the same behavior.
In relation to the domain formation, we point out the relation to the millimeter-sized liquid droplet formation in D 2 O solutions of glycine [22, 40] . The formation is observed clearly only when the laser beam is focused at the glass/solution interface, and is considered to be brought about by efficient assembling of liquid-like clusters. Upon switching off the laser beam, the droplet disappears in a few tens of seconds and never undergoes to crystallization. We interpret the droplet formation in terms of liquid/liquid phase separation due to local concentration increase, which is supported by direct measurement of refractive index change. Temperature elevation should not be a main reason, as D 2 O does not absorb the trapping laser beam and temperature elevation is estimated to be less than one-tenth compared to in H 2 O. On the other hand, the domain in H 2 O was changed immediately to the crystal. The solubility of glycine in H 2 O and D 2 O is almost same [41] , so that the transformation to each domain possibly occurs at the same concentration. The domain formation in H 2 O requires the higher concentration compared with that in D 2 O because of higher-temperature elevation given at the same power. Upon stopping the flow of the formed domain, it steadily occupied the focal spot, where temperature elevation due to laser irradiation is suppressed, leading to the increase in concentration. Thus, one possible explanation of this novel behavior is that the higher increase in concentration in H 2 O triggers the rapid crystallization. The domain formation time in H 2 O is comparable to crystallization time in D 2 O, and high-temperature elevation in H 2 O is expected to slow down the formation rate of the domain. Actually, the domain growing rate became slow with time. This result strongly supports an idea that laser trapping of the liquid-like clusters competes with dissolution carried out by temperature elevation as supersaturation degree decreases with increase in temperature. The higher saturation degree at higher temperature prohibits crystallization, giving such a domain.
The polymorph of the formed crystal was characterized by Fourier transform-infrared (FT-IR) measurement, while we confirmed that the characterization by FT-IR measurement is in good agreement with that by X-ray crystallographic analysis of the single crystal except for β-glycine [38] , which was assigned only by the FT-IR measurement on the basis of the reported data [42] . In this experiment, a saturated solution was used as an initial solution so that the concentration after the trapping crystallization should be lower than the saturation degree. Therefore, immediately after the laser-trapping crystallization, the spigot was opened in order to make the crystal large. After picking the large crystal, FT-IR measurement was performed. We found that all of the obtained spectra were classified into three types as shown in Fig. 2 , and no mixture of them was confirmed. Namely, one single crystal is always given, which suggests that crystallization develops from a single nucleus. All their vibrational absorption peaks agree well with those of three polymorphs of α, β, and γ reported previously [43] [44] [45] . It is worth noting, particularly from viewpoints of polymorph control, that the crystal form depends on the laser power, which result is summarized in Table 1 . In general, α-glycine is prepared by conventional methods, but laser trapping at 1.1 and 1.2 W now gives the β-form, which is the least stable, although its probability is about 10 %. Laser-trapping crystallization in D 2 O did not give the β-form. It is known that β-glycine is gradually transformed into α-one in air, but no transformation occurs during the growth. Indeed, a crystal, which was characterized as the β-form by FT-IR measurement just after picking it up from the solution, changed into the α-form in 30 min, and after 2 days the mixture of α-and γ-forms was identified. Such transformation of glycine crystal under ambient conditions has been investigated in detail [46] , and our results are consistent with the report. Anyway, it is worth noting that the unconventional and non-stable β-glycine crystal can be obtained by laser-trapping method and that not only laser power but also solvent are determining parameters of the crystal polymorph. In the conventional crystallization, this β-form is prepared when ethanol or acetic acid is added to water, and this Laser-trapping assembly of molecules and proteins 873 behavior is considered to be due to the change of the hydrogen-bonding network involving carboxyl and amino groups of glycine molecules [47, 48] . The present experiment was performed by focusing the trapping beam at the air/solution interface, so that mutual orientation and alignment of glycine molecules in the layer are more flexible than in the bulk and much affected by the intense light field of the trapping beam. Thus, although the whole mechanism has not been cleared yet, we consider that the crystal polymorph can be determined by a nice coupling among laser power, polarization, saturation degree, solvent, temperature, and diffusion near the surface. It can be said that laser-trapping crystallization is opening a new horizon in molecular crystallization studies. 
LASER-TRAPPING DROPLET FORMATION OF UREA IN D 2 O
As introduced above, the irradiation position is very critical to achieve laser-trapping crystallization, and glycine in D 2 O gave a millimeter-sized droplet upon irradiation at the glass/solution interface. In order to confirm whether this unique behavior is just for glycine or general and to elucidate its formation mechanism, it would be requested to examine other compounds. Here, urea is selected as we reported already femtosecond laser-induced crystallization and crystal growth of urea [49] . Its solubility curve in water is quite different from that of glycine and has a sharper change in temperature, so that urea will be a nice reference for considering relations between droplet formation and crystallization. Urea solutions with 28 and 136 % saturation values were prepared by dissolving 0.30 and 1.43 g of commercial urea (>99.0 % pure) in 1.0 g of D 2 O (99.9 % pure), respectively. These solutions were kept at 40°C with vigorous shaking for 3 h, followed by slow cooling down to room temperature. A 40-μL portion of the solution was put on a cover glass with a highly hydrophilic surface, which was immediately covered with a petri dish, for the suppression of solvent evaporation, and the solution layer was formed. The experimental set-up used for the laser-trapping experiment is the same as that reported [22] , where a laser confocal displacement meter was placed above the sample stage of the inverted microscope. Thus, it was possible to measure the temporal change of the solution surface height during laser irradiation. The surrounding area at the focal spot was observed by naked eye and a CCD camera.
Upon focusing the trapping laser of 1064 nm with 1.1 W at the glass/solution interface, we found formation of a single millimeter-sized liquid droplet in the solution film as shown in Fig. 3a . Before laser irradiation, only a cover glass and the top of an objective lens were observed, while after irradiation, the formation of the single millimeter droplet was clearly and directly observed. This result on the D 2 O solution of urea is similar to that of D 2 O solution of glycine [22] . This behavior was followed quantitatively as temporal change of the surface height at the focal axis. The growing of the droplet and the corresponding surface height change are shown in Figs. 3b,c, respectively. Initial surface height, that is the thickness of the solution film, was 120 μm. At that time, only the top of the objective lens was identified as a dark disk through the solution in Fig. 3b (1) . After starting irradiation, the surface height monotonously decreased and went down to about 5 μm in 20 s. Here, as shown in (2) of Fig. 3b , no apparent change in the CCD image was observed. Such surface depression has been reported and explained on the basis of inhomogeneous distribution of surface tension induced by local temperature elevation [50, 51] . Further laser irradiation induced the continuous surface elevation, and a spheri- Fig. 3b (4) . Then, the droplet suddenly disappeared and the height decreased to 10 μm in (5) of Figs. 3b,c. This disappearance was repeatedly observed for 5 samples, and occurred at the height ranged from 110 to 150 μm. Again, the present behavior confirmed for 28 % solution is quite similar to that of glycine reported previously [22] . In order to characterize the urea droplet in the 28 % solution, we measured the refractive index change by backscattering using a He-Ne laser and confirmed that the droplet has higher molecular concentration compared with the initial solution. Another important result is that its size is much larger than the focal spot of about 1 μm. Since these features of the droplet are quite similar to that in a glycine solution reported previously [22] , we suggest that this droplet formation is possibly triggered by the liquid/liquid phase separation due to laser trapping of the liquid-like clusters. Experimentally, glycine liquid-like clusters consisting of the dimers under supersaturated conditions have been confirmed by small-angle X-ray scattering (SAXS) measurement [37] , while the object size we can trap in the present laser power of 1.1 W is approximately calculated to be above 17 nm. Thus, it should be assumed that urea forms liquid-like clusters with the size of this order.
Myerson et al. reported that the diffusion coefficient of urea molecules in water drastically decreases at the saturation concentration, and pointed out that the aggregations or clusters of the molecules may be formed under supersaturated conditions [52] . However, in the dilute solution used in this Laser-trapping assembly of molecules and proteins 875 experiment, the presence of such clusters is less likely. The monomers should exist in the solution, and they are too small to be trapped. Here, we remember that the laser beam was focused into the deformed solution during irradiation. It is worth noting that Louchev et al. theoretically revealed that molecules dissolved in solution are efficiently supplied into the surface depression area, where photon pressure acts, due to mass transfer by Marangoni convection [53] . As a result, the transfer is enhanced by a magnitude of one to two orders. Therefore, we suggest that a focused laser beam induces the increase of molecular concentration around the focal spot, possibly leading to the cluster formation and its efficient trapping. Actually, the droplet formation occurred always after the surface depressed to a few μm height. In the process of spontaneous growth after the nucleation, the dense droplet preferred a sphere shape because of the high surface energy. As a result, the surface height increased almost to the initial position in Fig. 3c . We suggest that further droplet growth should generate larger inhomogeneous distribution of the surface energy. Thus, the droplet disappeared at a certain height in order to cancel the imbalance of surface tension between the droplet and surrounding solution.
On the other hand, no droplet formation was observed for the 136 % solution. Figure 4 shows the temporal change of the surface height during laser irradiation. Only slight surface depression of about 10 μm was observed, and direct CCD observation showed no change. After the depression, the surface recovered almost to the initial position, and further irradiation induced no more surface change. In neat D 2 O, the droplet formation is never seen, but evaporation at the focal spot was completed as shown in Fig. 5 . The oscillation observed from 8 to 20 s is possibly ascribed to some kinds of standing wave at the surface.
The contrastive results on urea solutions of 28 and 136 % saturation cannot be explained only in view of temperature elevation, which is carried out by absorption of 1064-nm photons through urea vibrational overtone bands. No large surface depression was observed in the supersaturated solution, although temperature elevation results in surface morphological change. Here, we should note the fact that such solution deformation and convection are induced only when temperature gradient across a liquid layer becomes large enough to overcome the resistances of viscosity and thermal diffusivity [51] . The viscosity of the supersaturated solution is calculated to be about two times higher than that of the unsaturated one [54] , so that the higher viscosity inhibits the large solution deformation. Furthermore, mass transfer due to convection also accelerates the heat diffusion. As a result, the temperature distribution close to the solution surface should become uniform within a short time, leading to the quick recovery to the initial height as shown in Fig. 4 . Thus, these results strongly support that the surface depression to a few μm height plays an important role for forming the dense liquid droplet. 
LASER-TRAPPING ASSEMBLY AND PRECIPITATION OF SUPRAMOLECULAR PROTEIN IN D 2 O
One of the key issues for laser-trapping crystallization is whether or not this phenomenon can be induced for proteins and their single crystals can be obtained. Here we report our examinations on the laser-trapping assembling of a giant supramolecular protein: ferritin. The spherical hollow shell (13 and 7 nm of outer and inner diameter) is composed of 24 subunits (∼450 kDa) and accommodates ferrihydrite nanoparticle in its cage in nature [55, 56] . Ferritin is highly symmetric and possesses high structural strength and thermo-tolerance [57] . The ferritin size is large enough for laser trapping, and we consider that its intrinsic symmetry and structural stability are suitable for the formation of well-ordered molecular assembly structure under laser trapping. Actually, we have succeeded in observing huge and rapid molecular assembly formation of cobalt oxide nanoparticle-accommodated ferritin by laser trapping at the solution surface. It grew to the size larger than that of the trapping laser spot. We also found that the laser trapping-induced assembling behavior of ferritin strongly depended on the laser focal position; at the air/solution interface, inside of the solution, or at the glass/solution interface. A recombinant deletion mutant ferritin (Fer8) which lacks eight N-terminus amino acids of L-chain apoferritin was used. Details of expression, over-production and purification of apoferritins were described elsewhere [58] [59] [60] . Artificially biomineralized Co 3 O 4 nanoparticles in Fer8 cavity were prepared with one-pot synthesis [61] . Hereafter the nanoparticle-accommodated Fer8 is called Co-Fer8, whose schematic representation is shown in Fig. 6 . The concentration of sample solutions was adjusted to 0.5~5.0 mg/mL in D 2 O. Prepared ferritin solutions were filtered to remove aggregated molecules Laser-trapping assembly of molecules and proteins 877 prior to the use. It should be noted that the sample solutions were not supersaturated and never showed precipitation due to aggregation of protein molecules for more than 2 weeks. Typically, 20 μL of Co-Fer8 solution was put on a cleaned glass substrate equipped with an air-tight sample chamber to prevent rapid solvent evaporation. The thickness of the solution thin film was typically around 100 μm. Linearly polarized near-infrared CW laser beam (λ = 1064 nm) of 0.1-1.4 W was focused to the surface/interface or in the solution. By focusing the trapping laser to the sample solution, we observed the formation of Co-Fer8 assembly structure. Interestingly, the shape of the formed assembly structure changed depending upon the irradiation position. Microscope images depicted in Fig. 7 show representative wire-and diskshaped assembly upon focusing to the air/solution interface (Fig. 7a) and in the solution (Fig. 7b) , respectively. We should note that these assembly formations could be achieved only by irradiating the focused laser, and simple evaporation of solution never gave such exotic assembly structures. Figure 8 shows the pictures taken during the wire-assembly formation by focusing the 500-mW trapping laser to the air/solution interface of 2 mg/mL Co-Fer8 solution. We could not find any assembly immediately after starting irradiation (Fig. 8a) . At 3.5 s later, a small spherical assembly, which size is 1.5 μm in diameter, suddenly appeared in CCD image (Fig. 8b) . Continuous laser trapping of it induced its growth and it changed into the wire-like form, as seen in Figs. 8c,d , at 5 and 8 s later after starting the laser trapping. The length of the wire became 17.5 and 33.3 μm, in Figs. 8c,d , respectively. The assembly formation rate was quite fast and took only 4.5 s to form a 33.3-μm wire-shaped molecular assembly of protein. As we can see in Fig. 8 , the wire seemed to be formed by linking the small spherical particles, which suggests that very rapid successive formation of spherical particle formation occurred under laser trapping and formed particles were connected. The wire assembly formed was insoluble even after turn-off of the trapping laser. Conversely, we observed the big 2D disk-like assembly for apoferritin, i.e., ferritin without nanoparticle formation, by focusing the trapping laser at the air/solution interface. However, the assembling behavior observed in Co-Fer8 was obviously different from that of apoferritin at some points. First, the laser power and protein concentration of Co-Fer8 were not extreme as for apoferritin. It was also confirmed that the assembling rate was quite different. Co-Fer8 was assembled within a few to a few tens seconds under 1 W laser, ~5 mg/mL protein concentration at the air/solution interface. A typical assembly formation of 2D-disk of apoferritin needed more than 10 min under the same conditions of concentration and laser power. Figure 9 summarizes the necessary laser power to induce the assembly formation at various solution concentrations. The threshold of assembly formation was much lower than that for apoferritin (5 mg/mL and >1 W). Surprisingly, the necessary concentration is lower and laser power can be decreased to one order of magnitude smaller (100 mW). Second, we could induce the big assembly formation even in the solution only for Co-Fer8 and never for apoferritin. The size of the Co-Fer8 protein assembly reached larger than 10 μm in most cases, and its structure was different from that of apoferritin. Furthermore, the formed Co-Fer8 assembly could be conserved after the turnoff of the trapping light, while apoferritin gave only a tentative huge 2D disk assembly and the structure will vanish by shutting down the trapping laser beam.
Assembly and precipitation of proteins are realized for Co-Fer8, while one of the authors has reported the laser trapping-induced assembly formation for a polymer molecule [62, 63] . The former case is achieved upon irradiation at the air/solution interface and not in solution. As described above, crystallization is realized only at the air/solution surface, where molecular assembly formation is induced due to laser trapping of the clusters. In the case of polymers, crystallization is not induced, which is consistent with polymer characteristic, and the wire-type assembly is prepared. On the contrary, the formation of Co-Fer8 is achieved not only at the surface but also inside the solution, so that laser trapping of Co-Fer8 is very unique and hopefully a new approach to fabricate biomolecular assemblies. Furthermore, the assembly size and fabrication position can be controlled by adjusting irradiation conditions, and addition of functional groups for specific recognition enables a deposition and patterning to solid substrate.
As a plausible explanation for the present phenomenon of Co-Fer8, we consider that relatively high refractive index of cobalt oxide nanoparticle enhanced the trapping efficiency. The real part of the refractive index of Co 3 O 4 at 1 μm was reported as ~2.1 [64] , which is much higher than that of ferritin (~1.45) [65] . As a result, Co 3 O 4 has weak absorption in the near-infrared region [66] , so that we can expect resonance effect on laser trapping [67, 68] , and simultaneously should take temperature elevation Laser-trapping assembly of molecules and proteins 879 due to the light absorption into account. The resonance effect means that the laser-trapping force is enhanced very much when electronic transition energy of the target is resonated with the trapping laser itself and/or additional laser. This effect was experimentally demonstrated in our previous report [68] . As we mentioned above, we observed very fast assembly formation with low laser power even in the solution only on Co-Fer8 case. We consider that it can be explained by the resonance enhancement due to weak absorption of Co 3 O 4 at trapping laser wavelength. In addition to the resonance effect, photothermal temperature elevation should be involved. It may lead to a denaturation of ferritins and deformation of Co 3 O 4 nanoparticles. Cobalt metal ions and the nanoparticles kicked out from ferritin cage will enhance the association of Co-Fer8s, giving nanostructures. This trapping and decomposable association are coupled with solvent flow at the air/solution interface and diffusion in the surface layer, which will be an origin of the wire-shaped structure. In view of high thermal resistivity of ferritin (~90°C), thermal denaturation of protein is not so easy under conventional laser trapping in water, but without hydrophobic interaction due to the hydrophobic internal surface of Co-Fer8 exposed by denaturation, the stable wire-like assembly could not be realized. Of course, thermal effect is an unavoidable issue for the use of biological molecule, and spectroscopic observations of the temperature elevation at and surroundings of the laser spot and structural characterization of formed assembly under microscope are necessary, but still it is worth noting that laser trapping and precipitation is demonstrated for supramolecular protein.
SUMMARY AND PERSPECTIVE
Laser trapping has been recognized as a useful tool for manipulating micrometer-sized small objects and has received much attention in bioscience and biomedical technology. Isolated molecules are usually too small to be trapped in solution at room temperature, but when they form clusters and associate with each other, giving supramolecular structures, it should be possible. Even the molecular concentration is low to form clusters, trapping at the focal point assists clustering, and molecules are transported from outside by laser-induced convection, resulting in the laser trapping.
In the case of glycine in H 2 O, crystallization dynamics was confirmed to be different from that in D 2 O, which is ascribed to heating effect due to the absorption of 1064-nm light through an overtone vibrational band of H 2 O. A very unconventional polymorph of β-form crystal was successfully prepared, although its probability is ~10 %. When an unsaturated D 2 O solution of urea was irradiated at the glass/solution interface, a single giant droplet was formed, leading to a large change in solution height. This formation behavior shows concentration dependence, which is interpreted in terms of intermolecular hydrogen-bonding interaction and molecular diffusion. Metal nanoparticle-accommodated ferritin could be trapped with low laser power, suggesting resonance effect in laser trapping. Its laser trapping leads to precipitation of wire-shaped structures, and it is stable even after switching off the laser beam.
All these phenomena are started by laser trapping at the focal point and completed by forming a few tens micrometer-to-millimeter-sized products. The initial orientation and association of molecules at the focal volume extended and grew to outside, which is based on intermolecular interactions and coupled with diffusion, thermal conduction, and/or deformation of solution film. It is considered that nucleation is a key step for crystallization, liquid/liquid phase separation, and precipitation.
We plan to explore further new molecular phenomena induced by laser trapping and to confirm that the behavior is general. Until now, most of the spectroscopic analyses of laser trapping were done in the focal point, but we point out that the simultaneous dynamic diffusion analysis and spatio-temporal measurement outside the focal volume are necessary and indispensable for understanding the nature of the relevant phenomena. As a first step, we are developing wide-field Rayleigh scattering spectroscopic imaging and applying it to gold nanoparticle systems.
